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†Background and Aims Changes in rainfall and temperature brought about through climate change may affect
plant species distribution and community composition of grasslands. The primary objective of this study was
to test how manipulation of water and temperature would influence the plasticity of stomatal density and leaf
area of bluebunch wheatgrass, Pseudoroegneria spicata. It was hypothesized that: (1) an increased water
supply will increase biomass and leaf area and decrease stomatal density, while a reduced water supply will
cause the opposite effect; (2) an increase in temperature will reduce biomass and leaf area and increase stomatal
density; and (3) the combinations of water and temperature treatments can be aligned along a stress gradient and
that stomatal density will be highest at high stress.
†Methods The three water supply treatments were (1) ambient, (2) increased approx. 30 % more than ambient
through weekly watering and (3) decreased approx. 30 % less than ambient by rain shades. The two temperature
treatments were (1) ambient and (2) increased approx. 1–3 8C by using open-top chambers. At the end of the
second experimental growing season, above-ground biomass was harvested, oven-dried and weighed, tillers
from bluebunch wheatgrass plants sampled, and the abaxial stomatal density and leaf area of tillers were
measured.
†Key Results The first hypothesis was partially supported – reducing water supply increased stomatal density,
but increasing water supply reduced leaf area. The second hypothesis was rejected. Finally, the third hypothesis
could not be fully supported – rather than a linear response there appears to be a parabolic stomatal density
response to stress.
†Conclusions Overall, the abaxial stomatal density and leaf area of bluebunch wheatgrass were plastic in their
response to water and temperature manipulations. Although bluebunch wheatgrass has the potential to adapt to
changing climate, the grass is limited in its ability to respond to a combination of reduced water and increased
temperature.
Key words: Bluebunch wheatgrass, Pseudoroegneria spicata, biomass, climate change, grassland, open top
chamber, rain shade, stomata.
INTRODUCTION
Recent predictions of global climate change suggest that there
will be an increased frequency of heat waves, increased areas
of drought, increased frequency of heavy precipitation events,
and increased winter temperatures (Intergovernmental Panel
on Climate Change, 2007). The ability of species to respond
and adapt to changing environments will therefore be critical.
Some terrestrial plant populations have been extending their
ranges toward the poles or to higher elevations since the
retreat of the last ice age, but within the past several decades
the rate of range extension has increased due to changing
climate (Parmesan and Yohe, 2003; Tape et al., 2006). In
addition, certain plant traits, such as phenology and leaf mor-
phology, appear to have changed in some cases, with leaf
expansion and flowering occurring earlier in the spring
(Parmesan and Yohe, 2003; Root et al., 2003), and evidence
that increases in atmospheric CO2 concentration causes a
reduction in stomatal density (Woodward, 1987; Woodward
and Kelly, 1995).
For many of the world’s grasslands, climate change models
predict hotter drier summers along with warmer winters and
increased rainfall (Environment Canada, 2003; Intergovern-
mental Panel on Climate Change, 2007). The amount and
timing of precipitation is likely to be important especially
for those species near their limits of distribution. The interior
grasslands of British Columbia (BC), Canada represent the
northern limit of many grassland species (Tisdale, 1947) and
individuals at the limits of a species range are important indi-
cators of genetic variation and potential for adaptation (Lesica
and Allendorf, 1995; Tape et al., 2006). In these grasslands,
bluebunch wheatgrass (Pseudoroegneria spicata) is one of
the dominant native species (van Ryswyk et al., 1966) and is
considered one of the most important forage grass species on
western rangelands for livestock and wildlife (Parish et al.,
1996; Bawtree et al., 1998). The range of bluebunch
wheatgrass extends into Alaska, but only along the coast.
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In the interior of the continent, the northern limits of its range
do not extend beyond BC.
To assess bluebunch wheatgrass’ response to the predicted
changes in climate, three parameters – stomatal density, leaf
area and plant above-ground biomass – were measured
under manipulated temperature and water conditions at three
experimental sites. Stomata have been described as ‘the
necessary evil’ (Sutcliffe, 1974); they are essential for
carbon dioxide acquisition but at the cost of water loss
(Beerling et al., 1993). The development of stomata is con-
sidered a critical stage in the evolution of advanced land
plants (Hetherington and Woodward, 2003). Stomatal diffu-
sion resistance, and hence conductance, is directly related to
the size and spacing of stomata on the leaf surface, i.e. a trade-
off between size and number of stomata (Jones, 1992; Beerling
et al., 1993; Wang et al., 2007). A leaf with many, small
stomata can reduce potential conductance and increase water-
use efficiency (Poulos et al., 2007). Compared with stomatal
length (e.g. guard cell length or stomatal aperture length), sto-
matal density is relatively plastic (Richardson et al., 2001) and
potentially adaptive to environmental change (Carpenter and
Smith, 1975; Woodward, 1987; Poulos et al., 2007; Lake
and Woodward, 2008; Sekiya and Yano, 2008). Studies have
shown that stomatal density is affected by soil water (Ban˜on
et al., 2004; Sekiya and Yano, 2008; Xu and Zhou, 2008),
light (Schoch et al., 1980; Thomas et al., 2003), CO2
(Woodward, 1987; Woodward and Kelly, 1995; Woodward
et al., 2002), O2 (Ramonell et al., 2001), soil phosphorus
(Sekiya and Yano, 2008) and UV-B (Gitz et al., 2004). Due
to the relationship between stomata and the amount of water
lost, the density of stomata is an important ecophysiological
trait, especially in water-limited environments (Peat and
Fitter, 1994; Croxdale, 2000; Sack et al., 2003; Poulos et al.,
2007; Xu and Zhou, 2008).
Leaf area was also measured because there is evidence of a
phenotypic response in relation to photosynthetic potential and
growth – the larger the leaf the greater the growth rate (Grime,
1979; Raven et al., 1999; Gianoli and Gonzalez-Teuber, 2005;
Maseda and Ferna´ndez, 2006; Xu and Zhou, 2008). Because
grasses die back to their base each year, leaf area is a compara-
tive measure of the current year’s growth (Gurevitch et al.,
2002).
Above-ground biomass was measured as an assessment of
overall plant growth and performance, and to determine if
the two plant leaf traits (stomatal density and leaf area) corre-
late with growth. These three parameters – stomatal density,
leaf area, and biomass – were used to provide a quantitative
assessment of the plants’ response to drought and increased
temperature.
The objective of this study was to test adaptive phenotypic
plasticity of bluebunch wheatgrass to temperature and water
manipulations in the field. It was hypothesized that: (a) an
increased water supply will increase biomass and leaf area
and decrease stomatal density in bluebunch wheatgrass;
while a reduction in water supply will have the opposite
effect; (b) an increase in temperature will reduce biomass
and leaf area and increase stomatal density; and (c) the combi-
nations of water and temperature treatments can be aligned
along a stress gradient and that stomatal density will be
highest at high stress and lowest at low stress.
MATERIALS AND METHODS
Site description
The field site was in the Pseudoroegneria spicata (bluebunch
wheatgrass) and Artemisia tridentata (big sagebrush) grass-
lands of the Lac Du Bois Grassland Provincial Park north of
Kamloops, British Columbia, Canada described by van
Ryswyk et al. (1966). Soil organic carbon is approx. 1.75 %
and there is an approximate annual precipitation of 270 mm
(van Ryswyk et al., 1966). Pseudoroegneria is the dominant
species with approx. 50 % cover (C. Carlyle, unpubl. res.).
Three study sites were sampled: Site One (56.227518N,
68.07668E) at an elevation of 559 m a.s.l.; Site Two
(56.259748N, 68.06928E) at an elevation of 723 m a.s.l.; and
Site Three (56.259768N, 68.04808E) at an elevation of
736 m a.s.l. Plant community composition analysis showed
no significant differences between the sites (C. Carlyle,
unpubl. res.), suggesting that sites could be used as replicates.
Other than bluebunch wheatgrass and big sagebrush, common
plants included Poa sandbergii, P. pratensis, Koeleria
macrantha, Bromus tectorum and Hesperostipa comata.
Experimental design
Above-ground biomass and leaf samples were collected
between 26 July and 1 August 2006 from a pre-existing, con-
tinuing climatic manipulation experiment that began in April
2005. The 1-m2 experimental plots were part of a fully factor-
ial design with three water and two temperature manipulations
at three sites. The three water treatments were (1) water added,
(2) water reduced and (3) an unmanipulated control. The
additional precipitation was 30 % of the monthly average
administered weekly; this amount varied by month but
ranged from 1.1 to 2.4 L plot21 week21. Precipitation was
reduced using rain shades (Kochy and Wilson, 2004) placed
over the plots in the direction of the prevailing wind.
Temperature was either ambient, or increased by using open
top chambers (Zavaleta et al., 2003; Klein et al., 2004).
Each of the water  temperature treatment combinations was
replicated three times at each of the three sites for a total of
54 experimental plots. The water  temperature treatment
combinations represented a stress gradient, from low stress
(increased water and control temperature) to high stress
(decreased water and increased temperature).
Six bluebunch wheatgrass tillers were harvested from the
fully developed (i.e. ligule present) leaves of two plants
within all plots for a total of 324 tillers. The air-dried
samples were stored at room temperature in paper bags until
processing.
Sample processing
Soil moisture and temperature were measured in 18 plots
representing three replicates of the six treatment combinations
at a single site (Site Three). The cost of the sensors prevented
us from sampling more than one site, and Site Three was ran-
domly selected to test the effect of the climate treatments. Soil
moisture [% volumetric water content (m3 water m23 soil)]
was measured in the top 10 cm of the soil layer (Onset Soil
Moisture Smart sensors S-SMx-M005; Decagon Devices,
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Inc., Pullman, WA, USA). Soil temperature was measured at
5 cm below the soil surface (Onset Soil Temperature sensor
TMC50 – HD) (Decagon Devices, Inc.). Sensors were
located in the centre of the experimental plots. Readings
were taken continuously every half hour from May to
September 2006.
In August 2006 the above-ground biomass above 5 cm was
harvested from 0.5  0.5 m plots, sorted to species, oven-dried
at 80 8C for at least 48 h, and weighed. However, before clip-
ping the entire plot, the lowest, and therefore oldest, leaf of the
six bluebunch wheatgrass tillers were removed for the stomata
counts and leaf area measurements. The middle portion of
each of these leaves was removed and soaked in a 0.025 M
phosphate buffer for a minimum of 48 h. The phosphate
buffer rehydrated the cells, making the stomata easier to
locate and count. There was a slight variation in the width of
the leaves, but because the stomata occurred in two rows,
one on each side of the mid-rib, the counting protocol was
standardized to a 2.2-cm linear transect along the length of
the leaf, counting all stomata on both sides of the mid-rib,
rather than trying to identify a per unit area of leaf.
Redmann (1985) found a ratio of stomata at 65 : 35 on the
adaxial and abaxial leaf surface. The stomata were counted
on the abaxial surface (using a Fisher Science Micromaster
compound microscope at 100 magnification; Fisher
Scientific Co., Pittsburgh, PA, USA), because there is a
greater potential for changes in stomatal number on this side
(Redmann, 1985; Gurevitch et al., 2002). The adaxial
surface is conducive to retaining a high humidity level due
to the morphology of the leaf and the tendency of the leaf to
roll inwards, shielding the adaxial surface from wind and sun-
light. Whereas the climate boundary layer of the abaxial
surface is smaller causing lower humidity levels and a poten-
tially higher rate of evapotranspiration. Therefore, stomatal
density on the abaxial surface is more likely to be variable
and affected by atmospheric temperature and humidity and
water use efficiency. After stomatal counts, the leaf area was
measured for each tiller using a LI-COR model LI-3000A por-
table area meter (LI-COR Inc., Lincoln, NE, USA).
Statistical analysis
Statistical analyses were done using SYSTAT 8.0 for
Windows. A regression was done comparing stomatal
density to leaf area. Two General Linear Models (GLM)
were performed on stomatal density and leaf area with site
as the blocking variable and water and temperature as the treat-
ment factors. To meet the assumptions of a normal distri-
bution, stomatal density was transformed to the natural
logarithm of the value þ 1. Tukey’s post-hoc analysis was
used to determine significant differences between means.
Three GLMs were done on bluebunch wheatgrass biomass,
total biomass and the proportion of the total biomass that
was bluebunch wheatgrass with site as the blocking variable,
and water and temperature as the treatment factors.
Bluebunch wheatgrass and total biomass variables were trans-
formed using the natural logarithm. Proportion data were trans-
formed using the square root arcsine function. Tukey’s
post-hoc analysis was used to determine significant differences
between means.
RESULTS
The soil temperature of control plots ranged from 4.1 8C to
42 8C and the open top chambers increased mean soil temp-
eratures 0.5–1.2 8C above control temperatures. The mean
daily maximum temperature increase due to the open top
chambers ranged from 2.3 to 3.6 8C with an absolute
maximum increase of 9.18 C. The soil moisture of control
plots ranged from 0 to 17 % and water treatments decreased,
and increased, the soil moisture by as much as 2.1 % and 0.3
%, respectively, from control conditions (Table 1). The mean
daily maximum increase of soil moisture due to watering was
about 0.6 % with an absolute maximum increase of 6.9%.
The mean daily maximum decrease of soil moisture due to
the rain shades was about 1.6 % with an absolute
maximum decrease of 8.1 % below the control plot (Table 1).
There was no significant relationship between stomatal
density and leaf area (R2 ¼ 0.006; P ¼ 0.252). The block
effect (site) was significant for stomatal density and leaf area
(Table 2). Stomatal density in Site Three was higher than
Site Two (Fig. 1A). Plants at Site Three had the lowest leaf
areas, while Site One had the highest (Fig. 1B). Stomatal
density was affected by water (Table 2 and Fig. 1C), but not
temperature (Table 2 and Fig. 1E). An increase in water
supply resulted in a reduction in stomatal density (Fig. 1C).
Leaf area was affected by water treatment (Table 2 and
Fig. 1D), but not temperature (Table 2 and Fig. 1E). An
increase in water supply caused a reduction in leaf area
(Fig. 1D). The two-way interaction effect between water and
TABLE 1. Mean (+s.e.) soil moisture and soil temperature
measurements in water and temperature treatment plots
Treatments Soil moisture (%
volumetric water content;
m3 water m23) Soil temperature (8C)Water Temperature
Decrease Increase 0.03 (0.00002) 20.0 (0.05)
Control 0.7 (0.0001) 20.1 (0.05)
Control Increase 1.1 (0.0002) 19.4 (0.05)
Control 2.4 (0.0002) 18.9 (0.05)
Increase Increase 2.7 (0.0003) 19.3 (0.05)
Control 2.7 (0.0003) 18.8 (0.05)
TABLE 2. Summary of General Linear Models for bluebunch
wheatgrass stomatal density (n ¼ 314) and leaf area (n ¼ 304)
with site as the blocking variable and water and temperature as
the treatment factors
Stomatal density Leaf area
Source d.f. F-ratio P F-ratio P
Block (site) 2 22.173 <0.001 5.859 0.003
Water 2 6.048 0.003 4.039 0.019
Temperature 1 0.469 0.494 2.279 0.132
Water  temperature 2 1.096 0.336 0.097 0.907
Error for stomatal density 306
Error for leaf area 296
Values in bold are significant at P, 0.10.
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temperature was not significant for stomatal density or leaf
area (Table 2), but aligning the climate treatments along a
stress gradient shows a trend of increasing stomatal density
with increasing stress (Fig. 2).
Total biomass of the treatment plots, which included all the
plant species, had no blocking effect and no temperature
effect, but was affected by the water treatment (Table 3),
with increased water supply increasing total biomass
(Fig. 3). No interaction effect was detected for total biomass.
The biomass of bluebunch wheatgrass within the treatment
plots was affected by the interaction between water and temp-
erature treatments, with no blocking effects or main effects
(Table 3). One treatment combination, decreased water
supply and ambient temperature, had lower amounts of blue-
bunch wheatgrass than the ambient water and ambient temp-
erature, and the increased water and ambient temperature
combination (Fig. 4).
DISCUSSION
The present study has confirmed that stomatal density in blue-
bunch wheatgrass varies according to water manipulations, but
not to temperature. Studies have shown that stomatal density is
affected by abiotic parameters (Woodward, 1987; Ramonell
et al., 2001; Thomas et al., 2003; Gitz et al., 2004; Sekiya
and Yano, 2008), but with the exception of the CO2 study in
which field-collected herbarium samples were measured
(Woodward, 1987), all of these studies were conducted on a
single species grown in greenhouses. Here, it was found that
experimentally reducing water supply in the field caused an
increase in stomatal density of bluebunch wheatgrass, despite
other uncontrolled biotic and abiotic factors in the community.
Increasing water supply, however, did not reduce stomatal
density. In contrast, a study of 32 xerophytic tree species in
Israel showed that irrigation significantly reduced stomatal
density, but the amount of water added was much greater
than the current study with bluebunch wheatgrass (Gindel,
1969).
Stomatal density varied by site, with mean stomatal
numbers of Site Three plants approximately three times that
of Site Two plants (Fig. 1A). There is nothing suggestive of
differences in site characteristics (e.g. elevation or plant com-
munity composition) to explain these differences. It may be
that stomatal density is not only a phenotypically plastic
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plant trait but also genotypically differentiated. Further genetic
work is needed to understand this. However, despite site differ-
ences, and blocking for site in our general linear models, we
still found significant water treatment effects on stomatal
density, but not temperature treatment effects.
A study of the growth and development of Quercus robur
leaves under experimentally increased temperatures showed a
reduction in stomatal density (Beerling and Chaloner, 1993).
It is suspected that Beerling and Chaloner (1993) detected a
significant temperature effect because the range in mean temp-
erature for their study was approx. 8 8C, whereas the range in
temperature in the present study was only approx. 2 8C, which
represents a more realistic climate change scenario over the
next few decades (Intergovernmental Panel on Climate
Change, 2007). It is possible that if temperature was elevated
by approx. 4 8C plants might respond with an increase in sto-
matal density; i.e. there may be a threshold along an environ-
mental gradient where stomatal density will cease to increase
and then decrease (see Xu and Zhou, 2008).
Although no other studies that have investigated stomatal
density following controlled water supply manipulations in the
field are known, leaf adaptations can be compared across
elevation gradients, with the assumption that elevation is nega-
tively correlated with water availability. The results of such
studies are varied but Ko¨rner et al. (1989) and Ko¨rner (1999)
concluded that there is a general, but inconsistent, trend
towards increased stomatal density with increasing elevation
– at high elevations there is relatively lower water availability
and plants have higher stomatal density. However, the
problem with elevational analyses is that many environmental
factors that have the potential to influence stomatal density
might also be changing along the gradient, with drought and
temperature being two of the more important factors.
The x-axis of Fig. 2 was arranged along a gradient of climate
stress, with the left-hand side representing the greatest
stress (decreased water and increased temperature) and the
right-hand side the least stress (increased water and control
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TABLE 3. Summary of General Linear Models for bluebunch wheatgrass biomass total biomass, and the proportion of bluebunch
wheatgrass to total biomass (n ¼ 50) with site as the blocking variable and water and temperature as the treatment factors
Biomass Total biomass Proportion of biomass
Source d.f. F-ratio P F-ratio P F-ratio P
Block (site) 2 0.119 0.888 0.761 0.473 1.112 0.338
Water 2 0.720 0.493 4.892 0.012 0.895 0.416
Temperature 1 0.337 0.565 0.000 0.997 0.152 0.699
Water  temperature 2 2.672 0.081 1.473 0.241 1.862 0.168
Error 42
Values in bold are significant at P, 0.10.
Fraser et al. — Response of leaf traits to changes in rainfall and temperature 773
temperature). The trend shows increased stomatal density from
the right to the left, peaking with decreased water and control
temperature. Why wasn’t the highest stomatal density found in
the extreme climate treatment condition? A recent study by Xu
and Zhou (2008) also showed a parabolic response of stomatal
number – intermediate levels of water deficit increased stoma-
tal numbers but higher levels of water deficit caused a
reduction in stomatal number. It was suggested, therefore,
that plants may have reached a physiological threshold,
where increased climatic stress prevented the plants from
responding by increasing stomatal density, or there may have
been biotic interactions affecting phenotypic response.
It was decided to measure stomatal density on the abaxial
surface of the leaf. Redmann (1985) reported that the ratio of
the percentage adaxial stomata to percentage abaxial stomata
for grasses ranges from 100 : 0 to 50 : 50 in boreal forests,
from 100 : 0 to 60 : 40 in mesic grasslands, and from 85 : 15
to 65 : 35 in xeric grasslands. He also reported that bluebunch
wheatgrass had a 65 : 35 stomatal distribution. Redmann
(1985) reported that as temperature increased, the range in sto-
matal distribution decreased and stomata were more consist-
ently found on the abaxial surface. Perhaps in the present
study if stomatal density had been measured on the adaxial
surface an effect of temperature may have been detected.
A recent study showed that stomatal density of cowpea
(Vigna sinensis) was affected by soil phosphorus (P), but
that there was a complex interaction between soil water and
soil P (Sekiya and Yano, 2008). There was an increase in sto-
matal density under low soil water at low and medium soil P
(50 and 150 mg superphosphate per 5 cm diameter and
15 cm high pot), but this effect was reversed under high soil
P (450 mg per pot). Such high soil P is not found in the
present study site, where the average soil P is approx. 10 mg L21
(C. Carlyle, unpubl. res.), otherwise very different results for
stomatal density might have been expected.
The hypothesis regarding leaf area was rejected: an
increased water supply actually decreased leaf area in blue-
bunch wheatgrass (Fig. 1D). However, a reduction in water
supply had no effect on leaf area, nor did an increase in temp-
erature. Change in leaf area in an Israeli study was also not
consistent – irrigation caused an increase in leaf area in five
tree species but a decrease in eight tree species (Gindel,
1969). Bluebunch wheatgrass is adapted to the temperate,
semi-arid steppe and open woodland regions of western
North America. As a xerophyte, it is adapted to drought con-
ditions and is less sensitive to reductions in water supply
(Kobl and Robberecht, 1996), i.e. when experiencing
drought imposed by the rain shades, the plants may not need
to alter their gross leaf morphology to survive. However,
with an increase in water supply the response of bluebunch
wheatgrass to the resource opportunity does not seem to
reflect a potential for increased growth rate. Indeed, there
was no significant increase in bluebunch wheatgrass biomass
with increased water supply (Fig. 3).
Bluebunch wheatgrass biomass was affected by the inter-
action between water and temperature (Fig. 4). The fact that
biomass is reduced in decreased water supply at ambient temp-
erature compared with control water with ambient temperature
and increased water with ambient temperature indicates that
decreasing water will reduce the relative abundance of the
grass within the community. Therefore, the adaptive phenoty-
pic plasticity of leaf traits, such as stomatal density and leaf
area, is critical for the plant’s survival.
Why wasn’t the least amount of bluebunch wheatgrass
biomass found in the low water-increased temperature treat-
ment (Fig. 4); i.e. the treatment with the greatest climatic
stress? It is possible that bluebunch wheatgrass may be able
to tolerate the extreme climate conditions better than its neigh-
bours. If so, bluebunch wheatgrass could be released from
interspecific competition at extreme drought.
CONCLUSIONS
Stomatal density and leaf area are plastic in their response to
climate manipulations but the response is limited to specific
treatments. The present results regarding stomatal density
suggest that bluebunch wheatgrass may be capable of adapting
to a changing climate through changes in the number of
stomata. These results are all the more significant because
they document stomatal density response of plants growing
in the field to manipulated climate treatments, rather than a
correlation analysis along a pre-existing environmental gradi-
ent. The changes in stomatal density are also related to
changes in bluebunch wheatgrass biomass; with greater
biomass there was lower stomatal density. It might also be
useful to think of increasing stomatal density as an indicator
of climate change on plant function but, to detect such an
effect, a comprehensive stomatal density database for many
species across a wide geographic range would be needed.
This study provides support for controlled climate exper-
iments, rather than only relying on elevational gradients to
interpret ecophysiological adaptation.
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